The iron-sulfur cluster assembly network component NARFL is a key element in the cellular defense against oxidative stress  by Corbin, Monique V. et al.
Free Radical Biology and Medicine 89 (2015) 863–872Contents lists available at ScienceDirectFree Radical Biology and Medicinehttp://d
0891-58
Abbre
assemb
prematu
n Corr
Univers
Netherl
E-m
rockx@v
h.joenjejournal homepage: www.elsevier.com/locate/freeradbiomedOriginal ContributionThe iron-sulfur cluster assembly network component NARFL is a key
element in the cellular defense against oxidative stress
Monique V. Corbin, Davy A.P. Rockx, Anneke B. Oostra, Hans Joenje, Josephine C. Dorsman n
Department of Clinical Genetics, Section Oncogenetics, VU University Medical Center, 1081BT Amsterdam, The Netherlandsa r t i c l e i n f o
Article history:
Received 10 April 2015
Received in revised form
5 August 2015
Accepted 29 August 2015
Available online 9 October 2015
Keywords:
NARFL
Oxygen-sensitivity
Oxygen-resistance
Iron-sulfur proteins
Sister-chromatid cohesionx.doi.org/10.1016/j.freeradbiomed.2015.08.026
49/& 2015 The Authors. Published by Elsevier
viations: ROS, reactive oxygen species; CIA,
ly pathway; CNV, copy number variation; Fe-S,
re chromatid separation
espondence to: Department of Clinical Genet
ity Medical Center, Van der Boechorststraat
ands. Tel.: þ31204448424
ail addresses: m.corbin@vumc.nl (M.V. Corbin
umc.nl (D.A.P. Rockx), ab.oostra@vumc.nl (A.B
@vumc.nl (H. Joenje), jc.dorsman@vumc.nl (J.a b s t r a c t
Aim of this study was to explore cellular changes associated with increased resistance to atmospheric
oxygen using high-resolution DNA and RNA proﬁling combined with functional studies. Two in-
dependently selected oxygen-resistant substrains of HeLa cells (capable of proliferating at 480% O2, i.e.
hyperoxia) were compared with their parental cells (adapted to growth at 20% O2, but unable to grow at
480% O2). A striking consistent alteration found to be associated with the oxygen-resistant state ap-
peared to be an ampliﬁed and overexpressed region on chromosome 16p13.3 harboring 21 genes. The
driver gene of this ampliﬁcation was identiﬁed by functional studies as NARFL, which encodes a com-
ponent of the cytosolic iron-sulfur cluster assembly system. In line with this result we found the cytosolic
c-aconitase activity as well as the nuclear protein RTEL1, both Fe-S dependent proteins, to be protected
by NARFL overexpression under hyperoxia. In addition, we observed a protective effect of NARFL against
hyperoxia-induced loss of sister-chromatid cohesion. NARFL thus appeared to be a key factor in the
cellular defense against hyperoxia-induced oxidative stress in human cells. Our ﬁndings suggest that new
insight into age-related degenerative processes may come from studies that speciﬁcally address the
involvement of iron-sulfur proteins.
& 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Atmospheric oxygen (O2) is essential for higher life forms
through its requirement for normal cellular metabolism. However,
O2 is potentially toxic and may in fact be considered “king of
toxicants” since many types of toxic insult are known to act
through the bio-activation of O2 to ‘reactive oxygen species’ (ROS).
Yet, atmospheric oxygen is rarely studied as an oxidative stress
factor in its own right, except where the application of higher-
than-normal levels of oxygen (hyperoxia) in physiology or medi-
cine has met with adverse effects [1,2]. Even in experimental aging
research, where the potential role of ROS in the causation of age-
related functional decline has inspired many researchers, hyper-
oxia is only rarely being used as a model agent. Yet, hyperoxia may
be uniquely relevant, since cellular exposure to high levels ofInc. This is an open access article u
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C. Dorsman).oxygen causes overproduction of endogenously generated ROS,
which is in contrast to more commonly used experimental models
where cells are exposed to exogenous sources of superoxide or
hydrogen peroxide [3–7]. Oxygen's toxicity at the (sub) cellular
level is most conveniently studied in cell cultures, where the
ambient oxygen concentration can be controlled more precisely
than in cells and tissues residing in the body of an intact animal or
human.
To learn about cellular mechanisms that help withstand en-
dogenously generated ROS, we have selected genetic variants of
cell lines, including two substrains of the commonly used HeLa cell
line, with an increased resistance to hyperoxia (80–95% O2), levels
that are not tolerated by the parental cells (Fig. S1A). We hy-
pothesized that characterization of these substrains (HeLa-80 and
HeLaS3-95, respectively) might reveal novel strategies that cells
utilize to survive under toxic levels of hyperoxia-induced oxidative
stress. Our experimental design was such that the selection for
oxygen resistance took place under continuous exposure to step-
wise increased sub-lethal levels of oxygen over a protracted period
of time, thus allowing the exposed cells to accumulate genetic
alterations contributing to oxygen resistance. This approach, using
a speciﬁc line of HeLa cells [8], was originally inspired by the
discovery made in the late 1970s of dihydrofolate reductase gene
ampliﬁcation underlying the development of methotrexate re-
sistance in cultured murine cells [9] Similarly, ampliﬁcation ofnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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sponsible for multidrug resistance in mammalian cell lines
chronically exposed to various types of chemotherapeutic agents
[10]. Since we followed essentially the same strategy using at-
mospheric oxygen as the selective agent, we anticipated that
components of the antioxidant defense system might appear
ampliﬁed in the cells that had survived selection. However, as
summarized in the initial study characterizing the hyperoxia-re-
sistant HeLa cells, no ampliﬁcation was observed in any of the
obvious antioxidant defense components including CuZn-super-
oxide dismutase, Mn-superoxide dismutase, glutathione perox-
idase and catalase, so that the actual mechanism of oxygen re-
sistance remained elusive at the time [8].
The present study was undertaken to search for potentially
relevant changes following an essentially unbiased approach, i.e.
DNA- and RNA-proﬁling at a genome-wide scale. This led to the
discovery of NARFL (nuclear prelamin A recognition factor-like), an
essential component of the cytosolic iron-sulfur protein (CIA) as-
sembly pathway as a key element in the protection against the
toxicity of elevated ambient oxygen.Fig. 1. Chromosomal region 16p13.3 is ampliﬁed in two independently selected
oxygen-resistant HeLa sublines. (A) Illustration of selection criteria of the genes of
interest using SNP array and microarray data and functional genomics. (B) Copy
number variation (CNV) and mRNA expression of chromosome 16 genes for the
oxygen-resistant cell lines compared to the sensitive cell lines. First panel is the
CNV (cut-off 3.5) of HeLa-80 and HelaS3-95 compared to HeLa-20 and HeLaS3-20
respectively. Second panel is mRNA expression proﬁle (cut-off 2-fold) of HeLa-80
and HelaS3-95 compared to HeLa-20 and HeLaS3-20, respectively. Third and fourth
panels show in more detail the ampliﬁed and overexpressed 16p13.3 region pre-
sent in both hyperoxia-tolerant cell lines. FC¼ fold change. “(To see this illustration
in color the reader is referred to the web version of this article at www.lieberton
line.com/ars)”.2. Results
2.1. Chromosomal region 16p13.3 is ampliﬁed in two independently
selected oxygen-resistant HeLa sublines.
To ﬁnd potentially important changes associated with the
oxygen resistance trait two independently obtained resistant
sublines of HeLa cells, HeLa-80 and HeLaS3-95, were subjected to
genome-wide DNA and RNA proﬁling and compared to their par-
ental oxygen-sensitive HeLa strains (HeLa-20 and HeLaS3-20, re-
spectively), paying attention ﬁrst to the possible presence of genes
that might be overexpressed in the resistant variants. DNA copy
numbers and mRNA expression data were compared in the re-
sistant versus the sensitive sublines and the observed changes in
expression were correlated with the DNA status. Chromosomal
regions were selected with a Copy Number Variation (CNV)
ofZ3.5 (Fig. S1B) and differentially expressed genes with a fold
change ofZ2 that correlated with the shared DNA changes. Based
on these criteria, one chromosomal region was commonly ampli-
ﬁed in the resistant cell lines HeLa-80 and HeLaS3-95 when
compared to their sensitive counterparts (Figs. 1A and B). This
region was at chromosome 16p13.3 and encompassed a total of 21
protein-encoding genes that were overexpressed (Table 1). The
genes in this region have varied functions and are involved in
diverse biological processes. We hypothesized that this region
could harbor a driver gene that supports the cellular capacity to
grow under normally toxic levels of oxygen.
2.2. NARFL is responsible for hyperoxia resistance.
To identify the putative driver gene located at 16p13.3, we used
a functional genomics approach. A gene driving hyperoxia re-
sistance should result in an increased sensitivity to hyperoxia
upon silencing of this gene. To test this proposal, stable gene-
knockdown cells were generated via a shRNA approach (Table 1).
As a read-out for potential increased sensitivity, we determined
cell viability using the CellTiter-Glo
s
Luminescent assay in the
HeLa-80 cell line. This approach revealed only one gene that
showed a signiﬁcant reversion (p¼0.001) to a more hyperoxia-
sensitive phenotype after 5 days of hyperoxia exposure compared
to its non-targeted counterpart (Fig. 2A). The responsible gene is
NARFL, alias IOP1 (iron-only hydrogenase-like protein 1). The ob-
served fold change for NARFL at the mRNA level was 3.9 and its
up-regulation was conﬁrmed at the protein level (Figs. 2C and E).
Table 1
Genes located in 16p13.3 and differentially expressed
Gene Symbol Gene Description Probeset ID Fold Change Copy Number Fold Change Copy Number
HeLa HeLaS3
POLR3K Polymerase (RNA) III (DNA directed) polypeptide K, 12.3 kDa 218866_s_at 4.07 4 2.43 3.6
SNRNP25 Small nuclear ribonucleoprotein 25 kDa (U11/U12) 218493_at 4.76 4 2.04 3.6
RHBDF1 Rhomboid family 1 (Drosophila) 218686_s_at 3.49 4 2.55 3.6
NPRL3 Nitrogen permease regulator-like 3 (S. cerevisiae) 210672_s_at 3.23 4 2.30 3.6
LUC7L LUC7-like (S. cerevisiae) 220143_x_at 3.89 4 3.74 3.6
1557066_at 2.73 4 6.05 3.6
ITFG3 Integrin alpha FG-GAP repeat containing 3 224749_at 3.23 4 3.90 3.6
AXIN1 Axin 1 212849_at 3.08 4 2.00 3.6
MRPL28 Mitochondrial ribosomal protein L28 204599_s_at 3.72 4 2.45 3.6
DECR2 2,4-dienoyl CoA reductase 2, peroxisomal 219664_s_at 5.92 4 3.12 3.6
RAB11FIP3 RAB11 family interacting protein 3 (class II) 203933_at 2.93 4 3.69 3.6
214999_s_at 2.31 4 3.83 3.6
CAPN15 calpain 15 204275_at 3.20 4 2.58 3.6
PIGQ Phosphatidylinositol glycan, class Q 204144_s_at 3.79 4 2.22 3.6
RAB40C RAB40C, member RAS oncogene family 227698_s_at 4.58 4 2.73 3.6
FAM195A Family with sequence similarity 195, member A 225861_at 2.76 4 2.81 3.6
1553715_s_at 2.74 4 2.87 3.6
WDR90 WD repeat domain 90 227894_at 3.89 4 8.17 3.6
RHOT2 Ras homolog gene family, member T2 221789_x_at 2.47 4 2.73 3.6
222131_x_at 2.73 4 3.13 3.6
STUB1 STIP1 homology and U-box containing protein 1 217934_x_at 2.90 4 2.77 3.6
227625_s_at 2.60 4 2.79 3.6
WDR24 WD repeat domain 24 223293_at 4.79 4 2.98 3.6
FAM173A Family with sequence similarity 173, member A 219709_x_at 3.95 4 2.73 3.6
NARFL Nuclear prelamin A recognition factor-like 218742_at 3.90 4 1.90 3.6
CHTF18 CTF18, chromosome transmission ﬁdelity factor 18 homolog (S. cerevisiae) 226569_s_at 2.53 4 5.73 3.6
Fig. 2. NARFL is responsible for hyperoxia resistance. (A) Cell viability for stable shNARFL and NT HeLa-20 (white bars) and HeLa-80 (black bars) cells. A signiﬁcant
decrease in cell viability for HeLa-80_shNARFL compared to HeLa-80_NT (p¼0.001) after 5 days hyperoxia exposure was observed. In each case, results are mean7SEM of
three independent experiments. Student’s t test was used to determine statistical signiﬁcance. NARFL knockdown efﬁciency was routinely checked with quantitative real-
time PCR (qRT-PCR). (B) Cell viability for shNARFL and NT HeLaS3-20 cells (white bars) and HeLaS3-95 cells (black bars). A signiﬁcant decrease in cell viability for HeLaS3-
95_shNARFL compared to HeLaS3-95_NT (p¼0.02) after 5 days hyperoxia exposure was observed. (C) Control knockdown. A relative NARFL expression decrease of 71% and
90% in HeLa-20 and HeLa-80 shNARFL cell lines respectively was observed compared to their NT counterparts. There was an approximate 4-fold increase in NARFL expression
in the HeLa-80 compared to Hela-20. (D) A relative NARFL expression decrease of 85% and 75% in HeLaS3-20 and HeLaS3-95 knockdown cell lines respectively was observed
compared to their non-targeted counterparts. There was an approximate 2-fold increase in NARFL expression in the HeLaS3-95 compared to HelaS3-20. (E) Upregulated
expression of NARFL protein in resistant cell lines compared to the sensitive cell lines was observed (upper panel). This conﬁrms the DNA and mRNA proﬁling data (lower
panel).
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of NARFL knockdown in the independently selected HeLaS3-95
cell line, which again led to a signiﬁcant decrease, (p¼0.02) in its
resistance to hyperoxia (Fig. 2B). Its mRNA expression was up-
regulated to a lesser extent (fold change of 1.9) than in the HeLa-
80, while also the effect of knockdown on hyperoxia tolerance was
less robust than in HeLa-80 (Figs. 2B and D). Nevertheless, the
increased oxygen sensitivity after NARFL depletion in two in-
dependently obtained oxygen-resistant cell lines supports a con-
tributing role for this protein in the hyperoxia resistance trait.
2.3. Salvage of Fe-S proteins in the tolerant cells.
NARFL is an essential component of the cytosolic iron-sulfur
protein (CIA) assembly pathway, involved in the assembly and
insertion of iron-sulfur (Fe-S) cluster in cytoplasmic and nuclear
proteins. Fe-S clusters have been shown to be exceptionally sen-
sitive to ROS as well as oxygen itself [11].
NARFL is itself a Fe-S protein and therefore, we ﬁrst in-
vestigated the effect of hyperoxia on NARFL protein levels in HeLa-
20 and HeLa-80. After 3 days hyperoxic stress, a 50% decrease in
NARFL protein levels was observed in HeLa-20. There was also a
decrease of NARFL in HeLa-80, but to a lesser extent, approxi-
mately 40%, while the levels were still higher than in HeLa-20
even under 20% oxygen (Fig. 3A). A similar observation was made
when analysing the non-targeted and NARFL-depleted cell lines,
although the effect of hyperoxia on NARFL was more severe
(Fig. 3B).
We subsequently analysed the enzyme activity of the cytosolic
Fe-S enzyme c-aconitase, an enzyme previously shown to be af-
fected by NARFL knockdown, using an established assay [12,13].
This would allow us to test our knockdown cell model. Although
c-aconitase activity decreased under hyperoxia in both HeLa-80
(56% down) and HeLa-20 (88% down), the remaining c-aconitase
activity in HeLa-80 was still signiﬁcantly higher than in HeLa-20Fig. 3. Salvage of Fe-S proteins in the tolerant cells. (A) NARFL protein level was dec
tively). However, the protein level in HeLa-80 is still higher than in HeLa-20, even und
under hyperoxia in non-targeted cell lines, both sensitive and resistant, while still remai
diminished as expected. (C) c-aconitase activity in HeLa-20 and HeLa-80. An average activ
a result of hyperoxic exposure was observed (p¼0.0004). (D) Effect of NARFL knockdo
shNARFL) and HeLa-20 (NT vs. shNARFL) under normoxia revealed no signiﬁcant differe
compared to HeLa-80_NT (p¼0.01). In each case, results are mean7SEM of three inde(p¼0.0004) (Fig. 3C). These results also show that the remaining
c-aconitase activity under hyperoxia was NARFL-dependent in
HeLa-80 (p¼0.01) (Fig. 3D). These observations support the con-
cept that Fe-S proteins are susceptible to hyperoxia-induced oxi-
dative stress and that the resistant cells have overcome this pro-
blem by overexpressing NARFL.
We also investigated the protein levels of RTEL1, a Fe-S protein
that resides in the nucleus. Under hyperoxia a decrease of RTEL1
was observed, as expected. However, we did observe higher levels
in the resistant cells compared to the sensitive cell lines. The ne-
gative effect was exacerbated by NARFL knockdown (Figs. S2A and
B). These observations suggest that NARFL is active to protect both
cytosolic and nuclear Fe-S proteins against hyperoxic inactivation.
2.4. Hyperoxia-induced chromosomal breakage.
The connection between oxidative stress and genome main-
tenance was subsequently investigated. HeLa-20 and HeLa-80 cells
were exposed to hyperoxia for a period of 24 or 72 hours versus
normoxia as the control condition. The cells were harvested and
used to prepare metaphase spreads for microscopic analysis. In the
sensitive cells exposed for 72 h to hyperoxia a high proportion of
chromosomes had abnormal morphology due to the lack of sister-
chromatid cohesion (see next section, below) and were conse-
quently unsuitable for the scoring of chromosomal breakage.
HeLa-20 cells were highly sensitive for chromosomal breakage,
with 76% of metaphases exhibiting Z1 chromatid break after 24 h
of hyperoxic exposure. In contrast, 20% of the HeLa-80 metaphases
had Z1 break under these conditions, while even after 72 h ex-
posure still a high percentage of metaphases were undamaged
(Fig. 4A and S3A). Thus it appeared that HeLa-80 cells were not
only resistant to the growth-inhibiting and killing effects of hy-
peroxia, but also to its clastogenic (chromosome-breaking) effect.
We subsequently investigated the effect of NARFL-depletion on
chromosomal breakage. As shown by Fig. 4B-C and S3B-C thereased in HeLa-20 and HeLa-80 under hyperoxic conditions (50% and 40%, respec-
er hyperoxia. (B) Similarly to the parental cell lines, NARFL protein level decreased
ning detectable in the resistant cell line. In the NARFL-targeted cell line NARFL was
ity decrease of approximately 88% and 56% in HeLa-20 and HeLa-80, respectively, as
wn on c-aconitase activity. Comparison of c-aconitase activity of HeLa-80 (NT vs.
nce. Under hyperoxia HeLa-80_shNARFL displayed a signiﬁcant aconitase decrease
pendent experiments. NT¼ non-targeted, shNARFL¼ NARFL knockdown.
Fig. 4. Effect of hyperoxia on chromosomal breakage. (A) The number of metaphases with aberrations increased signiﬁcantly (nnnn, po 0.0001) in the sensitive cell line
(HeLa-20) after hyperoxic exposure compared the resistant cell line (HeLa-80). In the resistant cells no signiﬁcant increase in the number of metaphases with aberrations
was observed after hyperoxic exposure for 24 and even after 72 h. (B) After NARFL depletion (HeLa-80_shNARFL), a signiﬁcant increase in the number of metaphases with
aberrations was observed compared to the non-targeted counterpart (HeLa-80_NT) (po 0.0001). (C) In contrast to the sensitive cell line and the NARFL-depleted resistant
cells, aberrations in the non-targeted resistant cells could be scored after 72 h. (D) A signiﬁcant increase was observed in the number of aberrant metaphases in the sensitive
cell lines (HeLaS3-20 _NT and HeLaS3-20_shNARFL) compared to the resistant cell lines (HeLaS3-95_NT and HeLaS3-95_shNARFL) after exposure to hyperoxia. (E) In contrast
to the sensitive cell line (HeLa-S3) and the other NARFL-depleted resistant cell line (HeLa-80_shNARFL), aberrations could be scored in the resistant cells lines (HeLaS3-
95_NT and HeLaS3-95_shNARFL) even after 72 h of hyperoxic exposure.
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increase in the number of chromosomal breaks per metaphase,
suggesting a role for NARFL in the maintenance of chromosomal
integrity in these cells. The second HeLa cell panel appeared to
display a different phenotype, as the HeLaS3-20 cells showed
fewer breaks than the HeLa-20 cells upon 24 h hyperoxic exposure
(58% [HeLaS3-20_NT] vs. 90% [HeLa-20_NT] aberrant metaphases),
whereas their resistant counterparts showed similar levels ofdamage (34% [HeLaS3-95_NT] vs. 24% [HeLa-80_NT]. In the HeLa-
S3 panel no signiﬁcant effect of NARFL depletion on chromosomal
breakage levels could be detected (Fig. 4D-E and Figs. S3d-E). Thus
the two panels of HeLa cells showed somewhat different char-
acteristics with respect to chromosomal breakage, suggesting that
in each individual panel in addition to NARFL other unidentiﬁed
antioxidant defense components may play a role in their state of
resistance. This turned out to be not a common characteristic.
Fig. 5. Effect of hyperoxia on sister-chromatid cohesion. Metaphases were examined for the presence of railroad chromosomes (rr) and premature centromere separation
(pcs). (A) Sister-chromatid cohesion assay. Top panel represents normal chromosomes, while the middle panel represents rail roads (solid line arrow) and chromosome
breaks (dashed line arrow) and bottom panel represents total pcs. (B) After exposure to hyperoxia for 24 and 72 h, there was a large difference in cohesion defects between
the senstive cell line and its resistant counterpart. In the sensitive cell line almost all metaphases display cohesion defects after 72 h. (C) In both the sensitive (HeLa-20,
HeLaS3-20 ) and resistant (HeLa-80, HeLaS3-95) cell lines a marked increase in the percentage of metaphases with cohesion defects was observed in the shNARFL cell lines
compared to their NT counterparts. NT¼ non-targeted, shNARFL¼ NARFL knockdown, rr¼railroads, pcs¼premature centromere separation.
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Since the chromosomal breakage analysis had indicated that
hyperoxia could also cause loss of sister-chromatid cohesion, we
analysed this parameter using the same experimental set-up as
used for the breakage analysis. Cohesion defects were scored as
railroads “rr” or total premature chromatid separation “pcs”
(Fig. 5A). When examining HeLa-20 and its counterpart HeLa-80
under normoxic conditions, a low background level of cohesion
defects could be detected in both cell lines. Upon exposure of
HeLa-20 cells to hyperoxia for 72 h the occurrence of cohesion
defects drastically increased, as 98% of the metaphases contained
at least 5 rr or showed total pcs. Similar to the chromosomal
breakage analysis, the oxygen-resistant cells failed to show a
marked increase in cohesion defects (Fig. 5B), indicating that in
this panel of HeLa cell lines the oxygen resistant state also affected
the cells’ capacity to withstand hyperoxia-induced loss of sister-
chromatid cohesion.
To determine the possible involvement of NARFL over-
expression in this cellular capacity we tested the effect of NARFL
depletion in HeLa-80 cells on sister-chromatid cohesion and foundan excessive increase in the percentage of cells with cohesion
defects upon 72 h of hyperoxic exposure, with 96% containing 45
rr to total pcs (Fig. 5C; left panel); in the non-targeted control cells
no such increase was observed. As expected, exposure to hyper-
oxia of the sensitive cells, both targeted and non-targeted, resulted
in an increase in the percentage of metaphases with cohesion
defects. These ﬁndings were conﬁrmed in the other panel of HeLa
sublines. In the resistant cells HeLaS3-95 in which NARFL was
depleted, more than 90% of the metaphases contained 45 rr to
total pcs after 72 h hyperoxia exposure. Similar to HeLa-20 cells,
also in HeLaS3-20 cells hyperoxic exposure caused a robust in-
crease in cohesion defects in both the targeted and non-targeted
cell lines (Fig. 5C). Thus NARFL depletion resulted in an increase of
cells with cohesion defects in both resistant HeLa cell lines, which
suggests that NARFL overexpression plays a role in counteracting
hyperoxia-induced loss of sister-chromatid cohesion.
2.6. NARFL protein network
Besides its role in the CIA pathway, no other functions have
been reported for NARFL. To explore possible additional functions,
Fig. 6. Protein interacting network. Protein interacting network was created using STRING. Protein interacting network for human NARFL, Mus musculus Narﬂ and
Saccharomyces cerevisiae NAR1 .
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tool STRING (Search Tool for the Retrieval of Interacting Genes/
Proteins) [14]. We also created protein interaction networks for
NARFL’s Mus musculus and Saccharomyces cerevisiae counterparts,
Narﬂ and NAR1 respectively (Fig. 6). The directly interacting pro-
teins in all three networks such as NUBP2 (CFD1 and Nubp2),
NUBP1 (NBP53 and Nubp1), and MMS19 (MET18 and Mms19),
have all been associated with the assembly of Fe-S cluster needed
for cytosolic and nuclear iron-sulfur proteins, such as ERCC2
(RAD3 and Ercc2). Upon expanding the networks, proteins pri-
marily involved in DNA repair were added. To identify other bio-
logical processes in which these proteins are involved we used the
DAVID (The Database for Annotation, Visualization and Integrated
Discovery) web-tool [15]. In addition to the iron-sulfur cluster
assembly and DNA repair biological process, the list of proteins
were also found to be associated with processes such as apoptosis,
cell cycle and transcription in the case of the human network. For
the mouse network, also an association with immune system de-
velopment was noted (supplementary Tables I, II and III).3. Discussion
In this study we used our two panels of HeLa cells to identify
NARFL as a key factor in the cellular defense against hyperoxia-
induced oxidative stress. Speciﬁcally, NARFL appeared to coun-
teract hyperoxia-induced growth inhibition, loss of sister-chro-
matid cohesion, and loss of cytosolic Fe-S containing c-aconitase
activity. Our data conﬁrm and extend the power of an in vitro
evolution approach to identify cellular defense mechanisms
against (geno) toxic agents [9,10].
NARFL is thought to be involved in the biogenesis of cytosolic
and nuclear Fe-S proteins as it forms part of the CIA pathway
[13,16]. Fe-S proteins and the proteins involved in their formation
appear to be fundamental elements of cellular processes as many
are conserved throughout evolution even with their extreme
sensitivity to aerobic conditions [11,17,18]. However, the exact role
of certain components, including NARFL itself in the CIA pathway
is still unclear [19]
The current working model connects the CIA pathway with
cytosolic aconitase (c-aconitase) activity and its moonlighting
protein iron regulatory protein 1 (IRP1), as well as with genomic
maintenance processes [20,21]. Previous studies analysing sensi-
tive HeLa-20 and resistant HeLa-80 cells have shown that after
24 h of hyperoxia exposure total aconitase activity is signiﬁcantlyhigher in HeLa-80 compared to HeLa-20 [22]; however, no dis-
tinction was made between the cytosolic and mitochondrial forms.
It has been reported previously that aconitase function might be
linked to iron-mediated redox regulation [23]. It could be pro-
posed that maintaining a certain level of aconitase activity under
oxidative stress may generate a sufﬁcient NADPH level needed for
the electron transfer in the biogenesis of proteins [24]. The salvage
of c-aconitase activity under hyperoxia, nevertheless, suggests
that, somewhat surprisingly, the CIA pathway can still function at
relatively high oxygen levels.
That exposure to hyperoxic conditions can cause chromosomal
breakage has been known for a long time [25,26]. However, our
observation that in HeLa cells hyperoxia (also) causes loss of sister
chromatid cohesion has not been reported before.
The outcome that selective pressure resulted in NARFL gene
ampliﬁcation and concomitant overexpression in two cell lines
independently, suggests that the involvement of NARFL in cellular
protection against oxidative stress is strong and consistent. A di-
rect association of the human NARFL gene and cellular oxygen
tolerance has not been reported. However, such a connection has
been made in lower organisms, where a mutation in oxy-4 iron-
only hydrogenase-like protein of Caenorhabditis elegans and a
deletion of NAR1 in Saccharomyces cerevisiae appear to affect
oxygen sensitivity [27]. There are two known human iron-only
hydrogenase-like proteins, NARFL (IOP1) and NARF (IOP2). These
two proteins are paralogs of each other and do not seem to share a
common function [13,28]. It could be hypothesized that especially
NARFL has retained the oxygen defense function during evolution
from yeast to higher eukaryotes. Moreover, the observations in
yeast and C. elegans indicate that NARFL’s involvement in the de-
fense against oxidative stress is not speciﬁc for tumor cells such as
HeLa, but may well exist in normal, non-transformed, eukaryotic
cells.
So far, NARFL has been primarily linked to the maturation of Fe-
S proteins in the CIA pathway, while also being a Fe-S protein it-
self. It has been reported that Fe-S proteins are highly vulnerable
to oxidative stress, which agrees with our observations that NARFL
protein levels and c-aconitase activity markedly diminish upon
exposure of oxygen-sensitive cells to hyperoxia. NARFL levels
were, nonetheless, signiﬁcantly increased in the resistant cells,
also under hyperoxia, which was accompanied by partial restora-
tion of c-aconitase activity. These ﬁndings indicate that a protein
(network) that is known to be particularly sensitive to oxygen
nevertheless has the capacity to adapt to oxidative stress condi-
tions and in that way rescue the viability of cells.
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defense mechanisms, such as e.g. superoxide dismutases is not
apparent. Somewhat surprisingly, protein network approaches
also failed to reveal a connection with this class of proteins. Ex-
tension of the network, however, showed a connection between
NARFL and proteins of the Fanconi anemia (FA)/BRCA pathway,
which is involved in the repair of damaged DNA through homo-
logous recombination. Interestingly, cells derived from individuals
with FA have been found hypersensitive to the chromosome-
breaking effect of hyperoxia [26]. It could be hypothesized that
under oxidative stress conditions certain genome maintenance
mechanisms, such as sister chromatid cohesion, are being threa-
tened and that NARFL helps to counteract this threat. As an ex-
trapolation of this hypothesis, NARFL with its associated network
(s) might be critically involved in counteracting the gradual de-
generation of cellular functions during the aging process.4. Materials methods
4.1. Cell culture conditions
The two independently generated hyperoxia-tolerant HeLa cell
lines (HeLa-80, HeLaS3-95) and their sensitive counterparts (HeLa-
20, HeLaS3-20) were routinely cultured in high glucose Dulbecco’s
Modiﬁed Eagle Medium (DMEM) supplemented with 10% Fetal
Bovine Serum (FBS) and sodium pyruvate (Life Technologies Eur-
ope BV, The Netherlands) under normoxic conditions (20% O2;75%
N2;5% CO2). Exposure to hyperoxia was performed with cells
grown in 80 cm2 ﬂask under gas mixtures of 80% O2/15% N2/5%
CO2 for HeLa-80, or 95% O2/5% CO2 for HeLaS3-95. For some pro-
cedures the cells were grown in 9 cm dishes in Modular Incuba-
tion Chambers (Billups-Rothenberg Inc, CA, USA) under the above
atmospheric conditions.
4.2. Genomic analysis
Genomic DNA was extracted from the cell lines using
NucleoSpin
s
Tissue kit (Macherey-Nagel, Germany) according to
the manufacturer’s protocol. The cell lines were genotyped using
Illumina Human610-Quad Beadchip (Illumina, CA, USA). The
Beadchips were processed by ServiceXS (Leiden, The Netherlands)
according to the Inﬁnium HD Super Assay protocol. Genotyping
analysis was performed using Illumina’s GenomeStudio software
with the default setting. The GenomeStudio analysis data was
subsequently imported into Partek
s
Genomics Suite™ (Partek Inc,
MO, USA) for further copy number variation (CNV) analysis. Re-
gions different in the tolerant cell lines compared to their sensitive
counterparts were reported using segmentation parameters to
identify CNV regions with at least 10 genomic markers, a p-value
threshold of 0.0005, signal to noise of 0.3 and region report using a
p-value threshold of 0.01 and expected range of 1.5.
4.3. Transcriptome analysis
To determine differentially expressed genes in the resistant
cells compared to the sensitive cells total mRNA was isolated from
the cell lines grown under normoxic conditions by using the
Nucleospin
s
RNA II kit (Macherey-Nagel, Germany) according to
the manufacturer’s protocol. Affymetrix Human genome U133A
plus 2.0 microarrays (Affymetrix, CA, USA) were used to determine
mRNA expression proﬁles of the cell lines. The experimental ex-
pression proﬁling procedure was performed by ServiceXS follow-
ing the Affymetrix protocols. First analysis was also conducted by
ServiceXS. To integrate the transcriptome and genomic data both
raw data were imported and further analyzed using the Partek
sGenomics Suite™ software. A 1-way analysis of variance (ANOVA)
was used to identify genes with a -fold change ofZ2 orr2 with
no multiple correction tests.
4.4. Stable shRNA gene knockdown cell lines
The RNAi Consortium (TRC) human shRNA clones used for the
generation of stable shRNA mediated target gene knockdown cell
lines are available at Thermo Fisher Scientiﬁc (httt://www.ther-
moscientiﬁcbio.com). Bacterial glycerol stocks containing the
shRNA clones were inoculated in LB medium containing 100 mg/ml
ampicillin and grown overnight. Plasmids were subsequently ex-
tracted using PureYield™ Plasmid Miniprep System according to
the manufacturer’s protocol (Promega, WI, USA). Lentivirus pro-
duction of individual shRNA clones for speciﬁc target genes was
performed according the TRC lentiviral 6-wells plate protocol by
transfecting 293 T/17 cells, purchased from ATCC. Individual
shRNA clones for speciﬁc target genes were pooled and HeLa cells
were subsequently infected with shRNA lentivirus following the
TRC lentiviral infection laboratory protocol in a 6-wells plate fol-
lowing the protocol provided by the Broad Institute (http://www.
broadinstitute.org). To determine gene knockdown efﬁciency real-
time quantitative RT-PCR (qRT-PCR) was performed using the
LightCyclers 480 DNA SYBR Green I Master executed on the
LightCyclers 480 system (Roche Applied Science, IN, USA) ac-
cording to the manufacturer’s protocol. Total mRNA was isolated
using High Pure RNA Isolation Kit (Roche, IN, USA) and cDNA
synthesis was performed using iScript™ cDNA synthesis Kit (Bio-
Rad, CA, USA) following the manufacturer´s protocol. Relative gene
expression was determined using the ΔΔCq method described by
Haimes and colleagues (http://www.thermoscientiﬁcbio.com). We
routinely checked for gene knockdown efﬁciency at the mRNA
level with qRT-PCR.
4.5. Cell viability assay
To identify genes essential for the hyperoxia-resistance trait the
CellTiter-Glo
s
Luminescent cell viability assay (Promega corpora-
tion, WI, USA) was used. The non-targeting and stable gene
knockdown cells lines were seeded in triplicate in two opaque 96-
wells plates and incubated under normoxic conditions in separate
modular incubation chambers at 37 °C overnight. The following
day the atmosphere in one of the chambers was shifted to the
hyperoxic condition for a period of 5 days. On day ﬁve the number
of viable cells was measured based on the quantiﬁcation of the
ATP levels present following the manufacturer’s protocol. Candi-
date genes essential for the hyperoxia-resistance trait were se-
lected based on the criteria that knockdown of the gene should
result in a signiﬁcant decrease of cell viability in the hyperoxia-
tolerant cells under hyperoxia compared to hyperoxia-tolerant
cells under normoxia.
4.6. Aconitase activity
Colometric aconitase activity assay (BioVision, CA, USA) was
used to determine cytosolic aconitase activity in the stable
knockdown hyperoxia-sensitive (HeLa-20) and tolerant cell lines
(HeLa-80) and their non-targeted counterpart. The cells were
seeded in 80 cm2 ﬂasks, gassed with a normoxic gas mixture and
incubated overnight at 37 °C. The following day the cells used to
determine the hyperoxia effect on aconitase activity were shifted
to the hyperoxic condition for 72 h. The cells were harvested and
treated according to the manufacturer’s protocol with some
modiﬁcations. Cells were harvested and homogenized in 150 ml
assay buffer. Before addition of aconitase activation solution, 30 ml
of the lysate was used to determine the protein concentration
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USA). The absorbance was measured at 570 nm. The aconitase
activity of the various cell lines as determined according to the
calculation method presented by the manufacturer were normal-
ized for protein content and expressed as units per mg protein.
4.7. Western blotting
HeLa cell lines were routinely cultured under 20% oxygen. To
determine NARFL and RTEL1 expression, cells were seeded and the
following day shifted to 80% oxygen for a period of 3 days. Whole
cell protein extracts were prepared and proteins were separated
on NuPAGEs Novexs 3–8% Tris-Acetate and 8–16% Tris-Glycine
gels (Life Technologies Europe BV, The Netherlands). Proteins were
transferred to a membrane which was subsequently blocked in 5%
milk in Tris buffer saline containing Tween 20. Protein was de-
tected using primary antibodies anti-NARFL [1:500] (cat. # 20209-
1-AP) (Proteintech, IL, USA), RTEL antibody (D-20) [1:500] (cat. #
sc85900), and the loading control anti-Tubulin [1:10000] (cat # sc
23948) (Santa Cruz, CA, USA). Primary antibodies were detected
with the secondary antibody polyclonal goat anti-rabbit im-
munoglobulin HRP [1:5000] (Dako, Belgium) and the membrane
was subsequently developed using ECL prime (GE Healthcare Life
Sciences, The Netherlands). Images were acquired and analysed
using Image Lab ™ Software (Bio-Rad, CA, USA).
4.8. Chromosomal breakage and cohesion defects analysis
Non-targeted and NARFL knockdown HeLa sublines cultured
under 20% oxygen and 80% oxygen for 24 h and 72 h were ex-
amined for chromosomal breakage and cohesion defects such as
rail roads (rr) and premature centromere separation (pcs) using
the methods described previously [29, 30].
4.9. NARFL interacting protein network
We used the STRING (Search Tool for the Retrieval of Interact-
ing Genes/Proteins) web-tool to establish a protein interacting
network for NARFL [14]. We subsequently determined which gene
ontology (GO) categories were overrepresented using the web-tool
DAVID (The Database for Annotation, Visualization and Integrated
Discovery) [15]. The functional annotation clustering tool was used
with a False Discovery Rate (FDR) ofr0.05. Subsequently, re-
dundant GO terms were manually eliminated.
4.10. Statistical analysis
All differences were tested for statistical signiﬁcance by Stu-
dent’s t-test, with the exception of the chromosomal breakage
assay. For the chromosomal breakage analysis, differences be-
tween the cell lines were tested by comparing their numbers of
metaphases with and without breaks, using the Chi-square test, as
described [29]Author Disclosure Statement
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